Earlier communications from this laboratory have presented the cardiovascular and respiratory responses to graded treadmill exercise in normal men aged 20-29 years , observations during prolonged "steady state" exercise (Levy, Tabakin, and Hanson, 1961) , an analysis of the effects of training in a group of distance runners (Tabakin, Hanson, and Levy, 1965) , and a comparison of the responses in normal, sedentary men and athletes . Simultaneous bilateral and "tandem" determinations have established the limits of reliability of the dyedilution method employed in these investigations.
SUBJECTS AND METHODS
Group I (20-29 years) and Group II (30-39 years) each comprised 25 male volunteers accepted for participation in the project in the order of their application without regard to previous or present exercise habits, body size, status of physical "conditioning", dietary, or smoking habits. Although it is true that the younger subjects, strictly from the standpoint of age, were as a whole more physically active than Group II, they were in no sense "athletes". An evaluation of each subject's exercise habits, as well as analysis of heart rates, oxygen utilization, etc., and comparison of these factors with those obtained in a trained group , do not allow the conclusion that either Group I or Group II represented a non-random subject selection in this regard. It appears highly unlikely, therefore, that any of the significant intergroup differences in exercise response reported here may be related to a high degree of physical conditioning in one group. Group I consisted primarily of undergraduate and medical students, graduate students, and hospital workers, while Group II was composed largely of faculty members of the University of Vermont, graduate students, and hospital workers. For both groups a monetary incentive was provided, but its payment was not dependent on successful completion of any prescribed amount of work. Indeed, 3 subjects in Group II were not allowed to complete the most strenuous work load because of what were considered to be inordinate increases in heart rate or blood pressure in normal subjects for these particular degrees of exertion. Studies were interrupted when the heart rate reached 200 a minute, and systolic blood pressure reached 200-220 mm. Hg. Medical histories and physical-examinations were obtained in all subjects, and candidates were excluded who presented any previous history or current finding that might conceivably affect exercise results.
Detailed methodology has been presented in earlier reports Tabakin et al., 1964) . Cardiac output was estimated by dye-dilution technique using both the Waters 250-A and 300 densitometers and Cardiogreen. Intra-arterial closely approximates that of cardiac output with 4 independent variables (0-82). However, the reliability of cardiac output prediction is of course improved by utilization of 3 or 4 independent variables, as evidenced by lower residual standard deviations for these equations.
Resting recumbent pulse rate for Group I was 10 beats/min. lower than Group II, but this is the maximum variation seen in the entire study. For the other 6 measurements differences ranged from only 1-6 beats/min. with almost identical heart rates for both groups during all exercise.
In view of the preceding, it is not surprising that a strong similarity in stroke volume response was also observed. As seen in Fig. 2 the initiation of exercise is attended by a 100 per cent increase of the stroke volume maintained standing at rest, and thereafter increase in work load has little effect on the magnitude of this variable. The greatest group difference in stroke volume values is seen at the 12°l evel, but even this was statistically insignificant. Since the pulse responses were almost identical for this work load, this difference exists solely on the basis of the previously mentioned inequality in mean cardiac output.
A striking and highly significant delineation of the two groups is obtained through consideration of the blood pressure and peripheral vascular resistance responses to exercise. Ventricular work and stroke work indices, dependent in part on mean arterial pressure, also provide this clear-cut group distinction at the 4 highest exercise levels.
With the sole exception of the values obtained at Heart rate /min. 0-52 coefficients of all possible correlations were less than 0 50 for Group I, the values varied between 0-52-0-63 for Group II (Table V) (Astrand, 1956; Shock, 1964; Wade and Bishop, 1962) attest to the singular lack of systematically obtained and statistically adequate studies defining the influence of age on cardiac performance during exercise. The existing information has in general been drawn from small subject groups apparently chosen at random without regard to strict age categorization. Standardized work loads have not been employed in testing subjects of various ages, and a variety of techniques such as acetylene, Evans blue dilution, and catheterization for cardiac output estimations have been used. Although considerable work relating to the exercise response, at various ages, of heart rate and blood pressure has been done, very few direct measurements of exercising cardiac output, stroke volume, intra-arterial pressure, and vascular resistance exist (Granath, Jonsson, and Strandell, 1961; Strandell, 1964b group.bmj.com on June 23, 2017 -Published by http://heart.bmj.com/ Downloaded from Holmgren, and Jonsson, 1960; McGregor, Adam, and Sekelj, 1961; Reeves et al., 1961; Wang, Marshall and Shepherd, 1960) , as well as other artefactual variations associated with supine exercise (Frick and Somer, 1964) .
It is quite evident from the present study that the response of heart rate, cardiac output, and stroke volume to upright exercise is not compromised or significantly altered in a group of men aged 30-39 years, as compared to a similar group one decade younger. However, the trend observed in the older group towards a lower cardiac output for any given oxygen utilization value may represent a true difference which we might expect to see magnified in the older age-groups now under study. Previous data drawn largely from resting studies (Brandfonbrener, Landowne, and Shock, 1955; Courmand et al., 1945; Landowne, Brandfonbrener, and Shock, 1955; Lewis, 1938; Nickerson, Warren, and Brannon, 1947; Stead et al., 1945 ) indicate a gradual decline in cardiac output with age, and sparse information on exercise (Granath et al., 1961) tends to confirm this. However, when the exercise-induced increase in cardiac output is related to oxygen consumption, it has been suggested that a comparable response is seen in subjects of widely varying ages (Shock, 1964) . The present results, though spanning only a 20-year age difference, do not tend to support this theory as attested to by divergence of the group linear regression lines for cardiac output plotted against oxygen utilization (Table III) . If cardiac output in older age-groups continues to fall, as suggested by existing data, concomitant with an age-associated absolute increase in oxygen utilization for a given work load, this divergence will be magnified. Evidence for this increment in oxygen utilization with age has been suggested by the present material and also in earlier ventilatory studies of 200 men and women equally divided into decades between 20 and 60 years of age Tabakin, 1960, 1961) . Significant age increases in this variable have not been delineated in other series (Blackmon et al., 1964; Norris, Shock, and Yiengst, 1955; Norris and Shock, 1957; Strandell, 1964c) .
Since the age range of this subject material encompasses 2 groups theoretically "in the prime" of their physically active lives, it is not surprising that age-dependent differences in exercise heart rate response are lacking. Although it is well known that men 50-70 years old will evidence higher heart rates at a given submaximal work load than younger men (Norris, Shock, and Yiengst, 1953; Shock, 1964) , that pulse restitution to resting levels will take longer in the older men (Norris et al., 1953) , and that maximal heart rates decrease with advancing 2o age (Blackmon et al., 1964; Strandell, 1964a, b) , significant heart rate dissimilarity was neither anticipated nor found in this study. Because of this close group correspondence of cardiac output and heart rate, stroke volume of course also varies minimally. Indeed, following initiation of exercise it is seen (Fig. 2) that for all practical purposes both groups reach a stroke volume plateau from which only minor deviations of a few millilitres are observed over the entire exercise range studied. It should perhaps be emphasized again that the relative contributions of heart rate and stroke volume to the increased cardiac output of exercise are quite variable for different subjects. As noted previously , 3 basic types of stroke volume response have been observed in these studies of relatively young men: uniformity over the entire exercise range, level-to-level variations, and a steadily increasing stroke volume with increasing exercise severity. An equal distribution of subjects according to these types of response occurred in both Groups I and II and contributed to the relatively minor variations seen in group means. The evidence strongly supports the thesis that augmentation of stroke volume is not a constant or necessary factor in the cardiac output adaptation to physical stress, at least between the ages of 20 and 40 years.
It has long been recognized that ventilatory volume is larger in older subjects during work, and this is substantiated by the present data, a maximum difference of 8 I./min. being observed for Group II at 120. In comparison to oxygen utilization, ventilation is also seen to be relatively increased, resulting in raised oxygen ventilatory equivalents.
From this standpoint Group HI's higher absolute oxygen utilization discussed earlier appears more consistent, since in relation to total ventilation oxygen uptake is actually lower than that of the younger men. The same may be said of the higher values for carbon dioxide elimination which, though greater for amount of work performed, are lower per unit of ventilation.
There is little doubt that ageing is normally associated with significant rises in resting blood pressure. Increases of systolic pressure are usually greater than those of diastolic, and a resultant widening of pulse pressure is recorded with advancing years. These changes have usually been attributed to a "decreased volume distensibility of the central vessels" Shock, 1964) (Wang et al., 1960) . We cannot be certain what part of these dissimilarities may be related to use of upright exercise, walking rather than bicycling, and other variables appearing in various reports. The more important consideration seems to be that the present 50 subjects were studied by a common method and significant blood pressure differences were found where age categorization was applied.
In view of the observed peripheral resistance differences which carry high statistical significance (Fig. 4) , the conclusion must be reached that we are dealing with vascular alterations that have already become established in the 4th decade of life. Increases in resistance of above 12-14 per cent at rest and during moderate exercise are comparable with existing estimates ) of a 1 per cent per year increase. However, the higher work loads produced resistance increments of 32-54 per cent for the 10-year span studied. Although at rest and during level walking little differentiation of men 20-29 years and those 30-39 years is possible by these measurements or those of heart rate, cardiac output, and ventilatory parameters, these increases in peripheral resistance and blood pressure at higher exercise levels clearly earmark the older men.
These findings are of great significance in terms of the increased ventricular myocardial work for Group II (Fig. 5 and 6 ). As has been pointed out (Shock, 1964) , this represents increased pressure work, and in terms of energy consumption is much more expensive than a comparable increase in kinetic work. Data have been presented that the decrease in cardiac output with ageing outweighs the concomitant increase in pressure, the net result being a reduced left ventricular work. Although this may be true at rest over wide age limits, it does not apply for the present conditions at exercise, despite the relatively young ages investigated.
Despite some obvious defects in "cross-sectional" studies of ageing and its effects on cardiovascular performance, the marked deficiencies in our knowledge of this area justify use of this investigative method. When in 1962 it may be said that "although in recent years it has been possible to study the effects of posture on the cardiac output during exercise, the effects of age . .. are still almost completely unexplored" (Wade and Bishop, 1962) , any basically sound approach to filling this void is of value. Therefore, though inadvertent bias from the standpoint of mortality and morbidity may play a role in subject selection and not give a pure picture of ageing in contrast to longi-tudinal observations, we are presenting a systematic study of certain cardiorespiratory responses to physical stress at various ages. Several factors, we believe, are of merit in this undertaking: subjects are studied in their normal, upright posture; work loads are standardized for all age-groups; a wide spectrum of exercise is used; and commonly accepted and well-standardized methods of measurement are employed. Results of evaluations for the first 2 groups provide evidence for relatively early, significant haemodynamic alterations with advancing age.
SUMMARY
Treadmill exercise of graded intensity performed by 50 normal men in the age-groups 20-29 and 30-39 years resulted in significantly higher blood pressures and peripheral resistance values for the older men. Group differences in heart rate, cardiac output, stroke volume, and certain ventilatory variables were minimal, but trends towards lower cardiac output and increased ventilation, oxygen utilization, and carbon dioxide elimination were recorded after the age of 30. In this group, therefore, maintenance of perfusion and the organism's exercise capacity is achieved at the price of significantly raised ventricular work and energy expenditure.
